This work aims to study the stress corrosion crack growth behavior of cold-rolled Alloy 690 in the primary water of a pressurized water reactor. Compared with Alloy 600, which shows typical intergranular cracking along high angle grain boundaries, the cold-rolled Alloy 690, with its heterogeneous microstructure, revealed an abnormal crack growth behavior in mixed mode, that is, in transgranular cracking near a banded region, and in intergranular cracking in a matrix region. From local strain distribution analysis based on local mis-orientation, measured along the crack path using the electron back scattered diffraction method, it was suggested that the abnormal behavior was attributable to a heterogeneity of local strain distribution. In the cold-rolled Alloy 690, the stress corrosion crack grew through a highly strained area formed by a prior cold-rolling process in a direction perpendicular to the maximum principal stress applied during a subsequent stress corrosion cracking test.
Introduction
Alloy 690, with high Cr content, has been widely used in recent years as a structural material in pressurized water reactors (PWRs) to replace Alloy 600, which revealed susceptibility to stress corrosion cracking (SCC) in operating conditions of PWRs. Over the past few decades, Alloy 690 has been known to be 'immune' to SCC in the primary water coolant, as there have been no reports of SCC failures of components made from Alloy 690 in operating PWRs [1] .
However, recent laboratory experiments revealed that the alloy is not immune to SCC in the primary water environment, the so-called PWSCC (primary water stress corrosion cracking), when exposed to accelerated test conditions [2, 3] . Under a constant moderate stress intensity factor (K) in the primary water environment, Alloy 690 generally shows a low crack growth rate (CGR) of less than 1×10 -9 mm/s, which is much lower than that of Alloy 600, which has a CGR of 1×10 -7 mm/s. When Alloy 690 is strain-hardened after welding or cold-working during fabrication or repair process of structural components, the CGR increases to 1×10 -8 mm/s. The strain-hardening has been regarded as the main cause of service failure in the structural components of PWRs, because very high residual stress and plastic strain exceeding the nominal yield point can be induced by welding, cold-working, or surface machining during the fabrication or repair process [4] . Recently, there have been interesting reports that some heats of Alloy 690 having heterogeneous microstructure show abnormally high CGR that exceeds 1×10 -7 mm/s after plastic deformation by cold-working [4] . Heterogeneity in the microstructure is often found in wrought alloys when thermo-mechanical energy during hot-forming process was insufficient to achieve uniform grain refinement. In the case of Alloy 690, carbide banding can be found in forged products, that is, a banded microstructure of intragranular carbides within small grains in a matrix of coarse grains in the axial direction of the forged bar. Recent work by Kim et al. [5] sought to use an electron backscatter diffraction (EBSD) method to characterize the local mis-orientation distribution in the cold-rolled Alloy 690 with the carbide banded microstructure in an effort to understand its PWSCC growth behavior. From experimental findings of previous work, it was speculated that the microstructural heterogeneity of Alloy 690 results in heterogeneous straining on a micro-scale during cold-rolling process and thus locally accelerates PWSCC growth. However, this speculation was not clearly proved due to a lack of experimental work on strain analysis around the crack path to reveal a correlation between the crack path and the local strain distribution. In this respect, this work is aimed at investigating the local strain distribution around the cracking path of PWSCC in the cold-rolled Alloy 690 with heterogeneous microstructure. The EBSD method was used to perform local strain distribution analysis on a cross-section of cracks after the SCC test in the primary water environment. For comparison, the analysis was also carried out for the cold-rolled Alloy 600 with homogeneous microstructure.
Experimental Methods
The Alloy 690 used in this work was a forged bar (Heat No. 135264, solution annealed), an archive material of a control rod drive mechanism nozzle in the pressure vessel head of Korean PWRs. The material has a heterogeneous microstructure, with bands of small grains in the matrix of coarse grains aligned in the axial direction of the forged bar. Detailed microstructural examinations are given elsewhere [5] . The Alloy 690 was coldrolled via a one-dimensional rolling process in the axial direction, parallel to the bands at room temperature.
Stress corrosion cracking (SCC) tests were performed on a compact tension (CT) specimen with a thickness of 12.7 mm, fabricated from the cold-rolled materials in accordance with the ASTM E647 standard [6] . The test solution was the simulated primary water used in typical PWR operating conditions, i.e., a solution of 1,200 ppm B as H 3 BO 3 , and 2.2 ppm Li as LiOH, at 340°C. Prior to the SCC tests, the dissolved oxygen (DO) content and dissolved hydrogen (DH) content in the solution became steady at less than 5 ppb and at 2.7 ppm, respectively. Monitoring the crack increment using the direct potential drop method [6] , the applied load was suitably controlled to maintain a constant stress intensity factor of 30 MPa√m at the crack tip after a sufficiently long transition time for the SCC advance in the primary water environment from the fatigue pre-crack. More detailed procedures are given elsewhere [5] .
The Oxford TM electron backscatter diffraction (EBSD) system attached to a field-emission scanning electron microscope (FE-SEM, Jeol TM JSM 7000F) was used for the EBSD analysis. The cross-section parallel to the rolling direction of each specimen was ground with abrasive paper of up to 2000 grit and polished using progressively finer grades of diamond paste, after which it was finally polished with a cross-section polisher (Jeol TM SM-09010) using an Ar ion beam. The EBSD measurements were performed on the T-L plane [7] of the specimens in an area of 400 μm×300 μm with a step size of 1.6 μm (i.e. 256×192 pixels in each observed area) at a magnification of 300×, and in an area of 50 μm×37 μm with a step size of 0.2 μm at a magnification of 2500×.
Local strain distribution analysis
In order to analyze the local strain distribution in the coldrolled specimen, an inverse pole figure (IPF), a pattern quality (PQ) and a kernel average mis-orientation (KAM) maps were obtained from the EBSD data using Oxford HKL Channel 5 with the aid of OIM Analysis software. IPF shows crystal orientations that are parallel to either the normal, rolling or transverse direction in the sample. PQ is a parameter quantifying the crystallinity or quality of the corresponding diffraction pattern at each measurement point in the EBSD. In the EBSD analysis, KAM is determined as the numerical average misorientation of a given pixel (or observation point) with all of its nearest neighbors within a grain, with the criterion that misorientation exceeding a tolerance level of 5° should be excluded from the calculation [8] [9] [10] . Because KAM is very sensitive to the scanning step size [10] , for the local strain distribution analysis, KAM values obtained at the same magnification were compared. Fig. 1 gives the IPF, PQ, and KAM maps, measured at a magnification of 2500× from the matrix region of the coarse grains and the banded region of the small grains with intragranular carbides in the heterogeneous Alloy 690 cold-rolled at a thickness reduction of 20% [5] . In an IPF image, showing crystal orientations that are parallel to the normal direction of the observed planes, a non-strained material generally reveals one principal orientation per grain (i.e. one color per grain). The IPF image shown in Fig. 1a reveals that the degree of color gradation increased near grain boundaries (GBs) within a coarse grain in the matrix region. In the PQ image shown in Fig. 1b , the pattern quality was lower (i.e. darker color on the gray scale) near GBs in the matrix region. Those results in IPF and PQ images indicate an increase in the degree of mis-orientation near GBs of coarse grains due to plastic strain by cold-rolling. The local mis-orientation can be more clearly seen in the KAM map shown in Fig. 1c . The local plastic strain was mainly accumulated near GBs of coarse grains in the matrix region.
On the other hand, in the banded region shown in the IPF image of Fig. 1d , the degree of color gradation increased in the grain interior and near GBs as well within a small grain. In the PQ image shown in Fig. 1e , the pattern quality was lower near GBs and along multiple slip bands that appeared in the interior of the small grains. The KAM map in Fig. 1f also revealed plastic strain localization near GBs and along slip bands in the banded region. It should be noted here that the degree of mis-orientation increased remarkably along the slip bands in the interior of the grains and near the GBs in the banded region of the small grains with intragranular carbides, as compared to that in the matrix region of the coarse grains in the heterogeneous Alloy 690 after severe plastic deformation.
KAM is generally known to be related to the degree of plastic strain and can be used as an appropriate parameter to characterize the local strain distribution [8] [9] [10] . It remains difficult thus far to use the EBSD pattern to measure the actual magnitude of the strain in the deformed crystals. Although the EBSD technique is not well suited to measuring the actual strain, the technique is known to be very capable of identifying areas of concentrated strain within a microstructure, when employing calibration curves based on the measured shifts in the EBSD patterns in strained material relative to the measurements made in reference patterns from unstrained material [10] .
Under these circumstances, in this work a relationship between KAM and the plastic strain was established for local strain analysis. Fig. 2 gives the averaged value of KAM measured from the cold-rolled specimens at two different EBSD magnifications as a function of true strain, simply given by ε = ln (t f / t i ), where t f and t i are the final and the initial thickness of the specimen in the cold-rolling process [11] . As can be seen in Fig. 2 , the average value of KAM revealed a well-defined power law relation with the true strain or equivalent von Mises strain [12] and was fitted as KAM = 0.480+3.96× ε 0.641 at a magnification of 300× (1) KAM = 0.210+2.14× ε 0.653 at a magnification of 2500× (2) with goodness-of-fit R 2 values of 0.993 and 0.968, respectively.
Based on the above simple correlation between the KAM value and the plastic strain, the KAM maps shown in Fig. 1c and f can reveal the microscopic heterogeneity of local strain distribution in the cold-rolled Alloy 690, even though the macroscopic strain is the same. In the matrix region of coarse grains, the plastic strain is primarily concentrated near GBs where dislocations accumulate, while the plastic strain is also localized along slip planes extending into the grain interior in the banded region of small grains possibly owing to intragranular carbides acting as a barrier to dislocation movement [12] . Fig. 3 shows the EBSD results obtained at a magnification of 300× from the cross-section of PWSCC that occurred in the cold-rolled Alloy 600 during the SCC test in the primary water environment. Fig. 3a provides an SEM micrograph of the crosssection around the crack tip. Fig. 3b and c show the IPF and PQ images, respectively, obtained for the same area as that shown in Fig. 3a ; the grain boundary characters were superimposed on the images with different colors as random high angle boundary (HAGB) and various coincidence site lattice (CSL) boundaries. In the cracked area of the IPF image (Fig. 3b) , the crystal orientation of the grains adjacent to the crack was extrapolated to characterize the GB type. From the IPF and PQ images, it is obvious that the main crack grew along the HAGBs in IG mode. Extensive examination of the cross-section along the entire cracking path ruled out any crack growth in TG mode or along the CSL boundaries in the cold-rolled Alloy 600. The results are in line with the recent TEM work by Lim et al. [13] on the relationships among the IG cracking behaviors of PWSCC, GB characters, and preferential oxidation along GBs. Fig. 3d presents the local strain distribution, estimated from the EBSD-derived KAM data using the calibration curve of KAM vs. true strain given by Eq. 1. Although it is difficult to measure the actual magnitude of the strain from the EBSD patterns, the local strain analysis approach in this work is capable of identifying relative strain distribution within a microstructure with the aid of calibration curves, as discussed in Section 3. Fig. 3d suggests that PWSCC grew in IG mode along HAGBs that were highly strained rather than grain interior; however, the crack did not propagate along the CSL boundaries, even those boundaries that were highly strained by the cold-rolling process.
PWSCC growth behavior of cold-rolled nickel-base alloys
This consistency between the crack path and the local strain distribution can be more clearly visualized in Fig. 4 , which was obtained at a magnification of 2500× around the crack tip shown in Fig. 3 . The local strain distribution map in Fig. 4d was derived from the KAM map using the calibration curve given by Eq. 2. From those figures, it was confirmed that the PWSCC of the coldrolled Alloy 600 tends to grow along the highly strained HAGB. Fig. 5 gives EBSD results obtained at a magnification of 300× from the cold-rolled Alloy 690 after the SCC test in the primary water environment. The SEM, IPF, and PQ images in Fig.  5a through c reveal that the PWSCC of the cold-rolled Alloy 690 with heterogeneous microstructure propagated in TG mode near the banded region of small grains with intragranular carbides. Fig.  5d shows the local strain distribution map, estimated from the KAM data; however, the image quality is slightly worse than the image quality obtained from the cold-rolled Alloy 600 shown in Fig. 3d , possibly due to the complex heterogeneity in the highly strained microstructure of the cold-rolled Alloy 690. Nevertheless, it seems to be reasonable to admit that the PWSCC of the cold-rolled Alloy 690 propagated in TG mode near the highly strained area, which partially corresponds to the banded region, in a direction perpendicular to the maximum principal stress applied during the SCC test. The crack growth behavior is less dependent on the GB characters than it is on the stress/strain factor.
When the crack tip encountered the highly strained HAGBs in the matrix region of the cold-rolled Alloy 690, cracking occurred along the most susceptible path to SCC, just as it did for the cold-rolled Alloy 600, as shown in Fig. 6 . For the crack propagated in IG mode, EBSD results were obtained around the crack tip at a magnification of 2500× for the cold-rolled Alloy 690. It is clear that cracking occurred along the highly strained HAGBs.
Despite considerable experimental efforts, due to the complexity of interactions between microstructural and strainhardening effects on corrosion, no consensus has yet been achieved as to the nature of the abnormal PWSCC growth behavior of strain-hardened Alloy 690 materials with heterogeneous microstructures [5] . Although the present work does not cover all aspects of the relevant factors of PWSCC, the local strain analysis method applied in this work provides a clue with which to begin to explain the effects of the microstructure and resultant heterogeneity in the relative strain distribution on the PWSCC growth behavior of highly strained Alloy 690 materials. 
Conclusions
With the aid of the EBSD method, local strain analysis was performed to investigate the effect of relative strain distribution on the PWSCC growth behavior of cold-rolled nickel-base alloys. An empirical model to correlate the EBSD-derived KAM value with the plastic strain was established and applied to analyze the relative strain distribution of strain-hardened nickel-base alloys. Using the local strain distribution analysis, it was confirmed that the PWSCC of the cold-rolled Alloy 600 propagated along the highly strained HAGBs, which is consistent with the typical IG cracking behavior of nickel-base alloys. However, the PWSCC growth behavior of the cold-rolled Alloy 690 with heterogeneous microstructure seems to be more dependent on the stress/strain factor than on the GB characters, that is, the crack propagates in TG mode through the highly strained area near the banded region and in IG mode along the highly strained HAGBs in the direction perpendicular to the maximum principal stress.
